We use a numerical model of Saturn's thermosphere to investigate the flow of angular momentum from the atmosphere to the magnetosphere. The thermosphere model is driven by Joule heating and ion drag calculated from a simple model of the magnetospheric plasma flows and a fixed model of the ionospheric conductivity. We describe an initial study in which our plasma flow model is fixed and find that this leads to several inconsistencies in our results. We thus describe an improved model in which the plasma flows are allowed to vary in response to the structure of the thermospheric winds. Using this improved model we are able to analyse in detail the mechanism by which angular momentum extracted from the thermosphere by the magnetosphere is replaced by transport from the lower atmosphere. Previously, this transport was believed to be dominated by vertical transport due to eddy viscosity. Our results suggest that transport within the upper atmosphere by meridional winds is a much more important mechanism. As a consequence of this, we find that the rotational structures of the thermosphere and magnetosphere are related in a more complex way than the eddy viscosity model implies. Rather than the thermosphere behaving as a passive component of the system, the thermosphere-magnetosphere interaction is shown to be a two-way process in which rotational structures develop mutually. As an example of this, we are able to show that thermospheric dynamics offer an explanation of the small degree of super-corotation that has been observed in the inner magnetosphere. These results call into question the usefulness of the effective Pedersen conductivity as a parameterisation of the neutral atmosphere. We suggest that a two-parameter model employing the true Pedersen conductivity and the true thermospheric rotation velocity may be a more accurate representation of the thermospheric behaviour.
Introduction
Saturn's magnetosphere is dominated by the influence of the rapid ∼11 h planetary rotation frequency. This rotation frequency manifests itself in a number of different ways: in the actual physical rotation of the frozen-in plasma in the magnetosphere (Richardson, 1986; Sittler et al., 2006) ; in the periodicity of the planetary radio emissions (e.g. Gurnett et al., 2005) ; and in magnetic field measurements (e.g. Cowley et al., 2006) . This paper is concerned with the first of these phenomena -the actual physical rotation of the plasma -and its relationship to the rotational dynamics of the planet's neutral upper atmosphere. A possible relationship between the latter phenomena and the dynamics of the neutral upper atmosphere has been suggested by Smith (2006a) .
The physical rotation of the magnetosphere occurs because planetary angular momentum is transferred from the upper atmosphere. The key stage in this process is the exchange of energy and momentum between the ionised and neutral upper atmospheres through ion-neutral collisions. These collisions drive a system of coupling currents that acts to transfer angular momentum to the magnetosphere, as discussed by Hill (1979) in the Jovian context.
The transfer of angular momentum from the upper atmosphere to the magnetosphere necessarily slows the rotation of the upper atmosphere. In steady state the angular momentum that is extracted must continually be replaced by transport from the lower atmosphere, which acts as an essentially infinite reservoir of angular momentum. The conventional understanding of this process is that the magnetospheric drag induces a vertical velocity shear in the neutral atmosphere that causes angular momentum to be transported Published by Copernicus Publications on behalf of the European Geosciences Union. vertically by eddy viscosity (Huang and Hill, 1989; Pontius, 1995 Pontius, , 1997 , maintaining partial corotation of the upper atmosphere. These studies (which refer specifically to Jupiter, but apply in principle to the Saturn case, as implied by e.g. Cowley and Bunce, 2003; Saur, 2004) explicitly neglect angular momentum transport by thermospheric winds.
More recently it has been suggested by Millward et al. (2005) that meridional and zonal thermospheric winds may have an important influence on the rotational structure of the Jovian magnetosphere. Their study, using a numerical model of the Jovian thermosphere and ionosphere (JIM), found that regions of the thermosphere close to, but not contiguous with, the main Jovian electrojet rotated more slowly than the regions of the magnetosphere to which they were connected. Millward et al. suggest that in these regions it may be that rather than the magnetosphere driving the dynamics of the thermosphere, the thermosphere may be driving the dynamics of the magnetosphere. The suggestion is tentative because the low spatial resolution of JIM, its primitive plasma flow model and the complications introduced by Jupiter's tilted magnetic dipole mean that it is difficult to analyse the model output with sufficient confidence.
This study aims to investigate the physical processes shaping the coupled dynamics of the thermosphere and magnetosphere in greater detail. We again use a numerical model, but greatly simplified in order to permit proper analysis of the model output. We also focus on Saturn rather than Jupiter. This is for two reasons: firstly because of the present research focus on Saturn stimulated by the Cassini mission; secondly because Saturn's almost axially aligned magnetic field (Davis and Smith, 1990; Dougherty et al., 2005) allows us to further simplify our model without overly compromising its realism.
Our model has already been used for baseline studies of the thermal structure of the thermosphere Müller-Wodarg et al., 2006) . To study the interaction with the magnetosphere the model has been adapted to include explicitly the effects of Joule heating and ion drag. Results from this model have already been presented by Smith et al. (2007) , who emphasised the effect of magnetospheric forcing on the thermal structure of the upper atmosphere. Here we present further results from the same model, emphasising instead the dynamical structures and the coupling to the magnetosphere.
In Sect. 2 we outline our current understanding of the coupling between Saturn's thermosphere and magnetosphere. In Sects. 3 and 4 we then briefly describe our basic model and its output; these results motivate us to modify this basic model, and in Sects. 5 and 6 we describe these modifications and their consequences. To generalise these results we then discuss in Sect. 7 the sensitivity of our results to an increase in the ionospheric conductivity. In Sect. 8 we discuss some of the implications of our results for other studies. Finally, in Sect. 9, we conclude.
Background theory
In this section we outline briefly the normal theoretical description of the transfer of planetary angular momentum to the magnetosphere. We begin with an overview of the system of magnetosphere-atmosphere coupling currents responsible for this transfer, before then presenting a more detailed discussion of the processes taking place specifically in the upper atmosphere.
Overview
The current system that transfers planetary angular momentum to the magnetosphere was first described by Hill (1979) for the case of Jupiter. For Saturn, this current system is sketched in Fig. 1 . Radial currents in the equatorial magnetosphere are linked by magnetic field-aligned currents to meridional currents in the upper atmosphere. In the situation shown, the currents in the equatorial magnetosphere flow away from the planet -corresponding to a j ×B force that accelerates the plasma towards the planetary angular velocity -while the currents in the upper atmosphere flow towards the equator -corresponding to a j ×B force that slows the rotation of the neutral upper atmosphere. The torques exerted by these j ×B forces are equal and opposite, such that angular momentum is transferred from the upper atmosphere to the magnetosphere.
These currents are ultimately driven by the inertia of the plasma in the magnetosphere. Since the plasma is "frozen in" all the way along the magnetic field lines from the equatorial magnetosphere to the top of the ionosphere, any difference between the angular velocity of the plasma in the equatorial magnetosphere and the angular velocity of the connected neutral atmosphere manifests itself as an electric field in the rest frame of the neutral upper atmosphere. This electric field drives equatorwards Pedersen currents in the upper atmosphere which must close in the magnetosphere. If the inertia of the magnetosphere was negligible, it would be spun into corotation instantaneously, shutting down the current system. However, the inertia is far from negligible, and fresh inertia is supplied continually from rings and moons, such that the transfer of angular momentum is a continual and steady process. The angular momentum supplied to the magnetosphere by the planet is ultimately lost from the system by downtail outflow associated with the Vasyliūnas cycle (Vasyliūnas, 1983) .
Thus angular momentum is continually extracted from the region of the neutral upper atmosphere that coexists with the ionosphere. We wish to understand this process so that we can understand the parallel process by which this angular momentum is continually replaced by transport from the lower atmosphere.
Upper atmosphere
For simplicity, we assume a vertical magnetic field B in the ionosphere (positive upwards in the Northern Hemisphere of Saturn) and an eastwards plasma drift velocity v φ . Note that if the plasma drift is sub-corotational then v φ is negative, and is related to the rotational velocity M of the connected region of the magnetosphere by
where S is the angular velocity of the planet, and ρ i is the perpendicular off-axis distance in the ionosphere. This plasma drift implies a meridional electric field E θ =−v φ B, which is equatorwards if the plasma drift is sub-corotational. Given local Pedersen and Hall conductivities σ P and σ H , their ratio r=σ H /σ P , and a neutral wind with eastwards and southwards components u φ =k φ v φ and u θ =k θ v φ it can easily be shown that the components of the horizontal j ×B (ion drag) force acting on the neutrals at some altitude are:
These expressions represent forces on the neutrals due to both Pedersen and Hall currents driven by both zonal and meridional electric fields. Inclusion of the meridional winds coupled to the Hall conductivity shows that there is a component of zonal drag associated with meridional winds. This means that even if the zonal neutral and plasma velocities are equal (k φ =1) there is still a drag force between the thermosphere and the plasma, provided the meridional wind and Hall conductivity are both non-zero. Thus, if we are to describe the interaction between the ions and neutrals as a simple drag force between two differentially rotating bodies, then the neutral velocity that the plasma in the magnetosphere "feels" via the atmospheric conductivity should be expressed as a linear combination of the zonal and meridional neutral velocities. We call this linear combination k:
The zonal component of the j ×B force can now be rewritten:
When k=1 the zonal j ×B force falls to zero, and k thus represents an "effective" neutral velocity.
We now consider two limiting cases. Firstly, the situation that applies to the majority of the thermosphere-ionosphere, in which the Pedersen is much greater than the Hall conductivity, i.e. r 1, such that k∼k φ :
and this represents a simple westwards drag on the neutrals caused by the westwards drifting plasma. This approximation, in which the Hall conductivity and meridional winds are neglected, is the simple situation adopted by previous studies (Huang and Hill, 1989; Cowley et al., 2004; Millward et al., 2005; . The opposite case is that encountered when r 1. This corresponds to altitudes below the thermosphere where collisions are frequent enough to fully couple the ions and neutrals, and the Hall conductivity dominates:
Thus in this situation the meridional current is driven directly by ion-neutral collisions, as the neutral winds entirely control the ion motion. An equatorwards wind in this situation will have the effect of spinning up the connected magnetosphere, and spinning down the thermosphere. For this situation to persist, there must of course be a supply of angular momentum to this region of the atmosphere to balance the sub-corotational drag. We leave as an open question whether sufficient electron density exists in the Hall conducting region for such effects to be important to the structure of either the atmosphere or the magnetosphere; for further discussion see Smith (2006a) . For completeness, we note that the total energy inputs from the magnetosphere to the thermosphere due to Joule heating and ion drag are:
This paper is not directly concerned with energy inputs, so we will not discuss this expression further here. For further discussion of the energy inputs and their consequences see Smith (2006b) and Smith et al. (2007) . All of the quantities discussed above represent local values in the thermosphere: forces are per unit volume and current densities are per unit area. Most magnetospheric studies (e.g. Cowley and Bunce, 2003) explicitly or implicitly treat the conducting layer of the upper atmosphere as a thin sheet, describing height-integrated forces per unit area and heightintegrated current densities per unit length. It can then be shown easily that the height-integrated J ×B force is:
where
is the height-integrated Pedersen conductivity and
where K is now the height-integrated analogue of the neutral wind parameter k, incorporating contributions from zonal and meridional winds. This implies an "effective rotation velocity" of the neutral atmosphere, T :
Here, the expression on the LHS is the "effective corotation lag" of the neutrals: this is equal to a fraction K of the "corotation lag" of the plasma. If there is a set of circumstances across which K is approximately constant then there is a linear relationship between the corotation lag of the plasma and that of the neutrals.
(Note that what we call "K" is referred to as "k" by Cowley and Bunce, 2003 , and "1−α" by Huang and Hill, 1989 .) The conventional physical interpretation of K is derived from studies by Huang and Hill (1989) and Pontius (1995) , in the Jovian context. Assuming that the sub-corotational torque imposed on the thermosphere by the magnetosphere is balanced by upwards viscous transfer of angular momentum, they showed that K is dependent on the atmospheric structure, but that for a given atmospheric structure it is independent of the plasma velocity. Thus the "slippage" of the neutral atmosphere in response to the magnetospheric drag is always a fixed proportion of the plasma velocity, and thus the "slippage" of the neutral atmosphere always reduces the restframe electric field by a factor 1−K. This has the same effect as reducing the conductivity by the factor 1−K, and this behaviour is thus represented by replacing the two uncertain parameters P and K by a single "effective conductivity":
This parameterisation of the upper atmosphere is useful in that it reduces the behaviour of both the thermosphere and ionosphere to a single number that may be used as a free parameter in magnetosphere models (e.g. Saur et al., 2004) . A useful perspective on this model is afforded if we think of K as something similar to a spring constant that represents the degree to which the magnetosphere is able to force the thermosphere into subcorotation. If we double the corotation lag of the magnetosphere, then this model tells us that we also double the corotation lag of the thermosphere; release the drag due to the magnetosphere entirely and the thermosphere "springs" back to rigid corotation under the action of viscosity.
There are several problems with the eddy viscosity model. Firstly, in order to fit the available observations at Jupiter, it was necessary for Huang and Hill (1989) to invoke an enhanced eddy diffusion coefficient to increase the atmospheric viscosity. Since they did not consider the chemical and thermal consequences of enhanced eddy diffusion -we would expect increased eddy activity to raise the altitude of the homopause and increase conductive cooling of the thermosphere -it is not clear that this approach was strictly valid. This criticism is discussed in more detail in Sect. 8. Secondly, they explicitly neglected angular momentum transport by meridional winds, an assumption that was not adequately justified. Thirdly, they ignored any contribution to K from meridional winds coupled to the Hall conductivity.
We will focus on the second point, largely because our existing thermosphere model Müller-Wodarg et al., 2006) is particularly well suited to the task. The third point could in principle be addressed by our model but, as we shall see in Sect. 3.3, the altitude range of our model does not encompass any regions of significant Hall conductivity.
Model description
Our model has already been described by Smith et al. (2007) . Here we provide as brief as possible a summary of the contents of the model. Here we provide as brief as possible a summary of the contents of the model.
Existing planetary thermosphere models (e.g Achilleos et al., 1998; Bougher et al., 2005) generate complicated results that are difficult to interpret cleanly. For this reason we have attempted to construct a model that is as simplified as possible in order to permit analyses of the fundamental physics of the thermosphere. To this end, we make two key symmetry assumptions: firstly that the entire system is symmetric about the planetary rotation axis (axisymmetry) and secondly that the system is mirror symmetric about the planetary equator. Both of these assumptions are discussed by Smith et al. (2007) ; we believe that the errors introduced by these symmetry assumptions are more than compensated for by the insights permitted by a simplified model.
The precise rotation period of Saturn remains in doubt. In particular, the SKR period (e.g. Gurnett et al., 2005) , which varies over time, differs from periodicities in magnetic field data (e.g. Cowley et al., 2006) . Since our primary aim is to investigate the physics of the upper atmosphere, rather than to make any precise numerical predictions, our choice of S should not have a significant qualitative effect on our results. Therefore, throughout this study we take the preCassini value of S =1.638×10 −4 rad s −1 . This is the value adopted by the study from which we derive our magnetosphere model (Cowley et al., 2004) . It functions as a reference rotation velocity for this model, and so we must adopt it in order to reproduce the correct plasma velocities. It is also the value adopted by previous studies using our thermosphere model (Smith et al., , 2007 Müller-Wodarg et al., 2006) . In this case it functions as the rotation period of the lower boundary of the model -adopting the same value ensures that our results are consistent with these previous modelling efforts.
Thermosphere model
The thermosphere model is a global three-dimensional timedependent general circulation model. Full details of the model are given by Müller-Wodarg et al. (2006) . The lower boundary is the mesopause, located at a pressure of 0.1 µb, approximately 800 km above the 1 bar level. The temperature at this lower boundary is kept fixed at 143 K, the temperature at this altitude in the Moses et al. (2000) model of the neutral atmosphere. Keeping this temperature fixed is intended to represent the efficient radiative cooling by hydrocarbons at these altitudes. We do not include any explicit radiative cooling in our model.
As already mentioned, we assume axisymmetry and mirror symmetry at the equator. We thus reduce the threedimensional model to a two-dimensional model, neglecting all terms involving east-west gradients, and perform calculations only in the Northern Hemisphere. The boundary conditions at the equator are that the meridional gradients of temperature and zonal wind velocity are zero and that the meridional wind velocity is itself zero. Note that the assumption of axisymmetry does not mean that we neglect zonal winds: zonal winds are fully calculated, but are assumed to be identical at all longitudes. The latitudinal resolution of the thermosphere model is 0.2 • , corresponding to a distance of ∼200 km. Vertically, we employ 55 pressure levels at a resolution of 0.2 pressure scale heights. We adopt an eddy coefficient of K τ =10 4 m 2 s −1 (Atreya, 1982) .
Magnetosphere model
We employ the simple axisymmetric magnetosphere model of Cowley et al. (2004) . This describes the behaviour of the magnetosphere in terms of the rotation velocities of nested shells of magnetic flux. A flux function F is used to map between the magnetosphere and thermosphere. Since the plasma velocity model is defined in terms of this flux function, we only require the value in the ionosphere for this study. For this purpose we employ the SPV model of Davis and Smith (1990) , with two small modifications. Firstly, we neglect the quadrupole term, the principal effect of which is to introduce a small asymmetry between the Northern and Southern Hemispheres; since we assume hemispheric symmetry, it seems reasonable to neglect this term so that our results represent the average behaviour. (Note that our neglect of the quadrupole term is nothing more than a means of imposing hemispheric symmetry; it does not affect the magnetospheric flux function, which we do not need to calculate.) Secondly, our thermosphere model is spherical and thus does not currently take into account effects due to oblateness of the planet, which have a non-negligible effect on the value of the ionospheric flux function. We thus calculate F i as a function of co-latitude θ, using the same model of oblateness described by Cowley and Bunce (2003) , and then map these values to identical co-latitudes in our spherical model.
The angular velocity of the magnetosphere M is then given as a function of F by the following expression:
where the parameters X represent the nominal rotation velocities of different regions of the magnetosphere which we label for convenience A, B, C and D, and the functions T XY (F ) represent smooth transitions between these regions. The details of these functions are given in the Appendix. Note that we have written this plasma velocity model in a slightly different but mathematically identical form to that originally provided by Cowley et al. (2004) . The physical significance of the various regions of the plasma flow model -which we label A, B, C and D -are discussed in detail by Cowley et al. (2004) . Region A is intended to represent field lines open to the solar wind, and thus, for the most part, connected to the planet's magnetotail; region B represents a region of elevated flow in the outer magnetosphere, possibly related to the Dungey cycle return flow and the Vasyliunas cycle; regions C and D represent the mass-loaded middle and inner magnetospheres, respectively, a region which becomes progressively closer to corotation moving towards the planet. The plasma in region D is supposed to be in perfect corotation with the connected neutral atmosphere.
The empirical basis of the model is summarised in Fig. 2 . Here the thin, horizontal solid line represents rigid corotation and the thicker solid line represents the model as described by Eq. (14). Data points from the Voyager 1 inbound and outbound passes and the Voyager 2 inbound pass are shown by filled circles, open circles, and crosses (Richardson, 1986 , data supplied by the NASA Planetary Data System), respectively. Polar cap plasma velocities determined by Stallard et al. (2004) are shown as horizontal dashed lines on the left hand side of the plot. It is clear that the data is very scattered in some regions, and data from different passes do not agree. For example, the Voyager 2 data points in regions C and D all lie above the plasma velocity curve defined by the model. These points also show clear super-rotation of ∼5% in the region of 22-25 • co-latitude, a feature that is not represented by the Cowley et al. model. Additionally, certain features of the model -for example the sharp shear in the plasma velocity at the boundary between regions A and B -are not strictly present in the data but are consequences of the physical model of Cowley et al. (2004) that associates the main auroral oval with the openclosed field-line boundary. Other models consistent with the data are thus possible. Due to this ambiguity, our approach is to take the Cowley et al. plasma flow model "as is" and use it as a context for investigating the dynamical coupling of the thermosphere and magnetosphere, while recognising that other models may be equally compatible with the data.
Note that we initially apply the model as a fixed boundary condition to our thermosphere model. However, this leads to various inconsistencies, discussed in Sect. 4, which we remedy using the modified model described in Sect. 5.
Ionospheric conductivity
To couple together the thermosphere and magnetosphere models using the expressions laid out in Sect. 2 we require a model of the Pedersen and Hall conductivities; to calculate these we require a model of the ion and electron densities in the ionosphere. There are no reliable empirical or theoretical models of Saturn's global ionosphere: both the available data and our understanding of the physical and chemical processes affecting the ionosphere are at present inadequate to provide such a model. It is thus likely that any ionosphere model we adopt will be to some extent incomplete or inaccurate.
For this reason we think that detailed ionosphere modelling is a distraction from our main objective which is to understand the coupling between the dynamics of the thermosphere and magnetosphere. We therefore use the output from one particular ionosphere model, calculate the conductivity, and then fix it. Thus we neglect feedback to the conductivity from any changes in the thermal and dynamical structure of the thermosphere. Not only does this approach considerably improve the runtime and stability of our numerical model as compared to fully coupled thermosphere-ionosphere models, it also gives us confidence that the results of the model represent processes of purely thermospheric origin. The question then arises as to how one should fix the conductivity in a thermosphere model that exhibits variable thermal structure. Our solution is to calculate σ P and σ H using a particular set of ion and neutral densities, and then fix, as a function of pressure, the quantities s P =σ P /ρ and s H =σ H /ρ, where ρ is the neutral mass density. The advantage of fixing these quantities is that the height-integrated conductivities are then also fixed, since, for example:
where the last step follows from hydrostatic equilibrium dp/dz=−ρg, where g is the acceleration due to gravity. If g is constant with height (a good approximation since the vertical extent of the thermosphere is small compared to the radius of the planet) and s P is specified as a fixed function of pressure, then the RHS must be fixed, and therefore P is also fixed. An identical argument applies for H . Thus fixing the quantities s P and s H -which we may usefully refer to as conductivities "per unit mass" -allows us to control the height-integrated value of the conductivity regardless of any changes in the thermal structure of the upper atmosphere.
To calculate the conductivity we use H + and H + 3 densities from the ionosphere model of Moore et al. (2004) . The version of the model used here includes ionisation due to solar insolation only. For this study the model has been run in an equinox configuration, at solar maximum, using the neutral atmosphere of Moses et al. (2000) as a fixed global background. The resultant ion densities are then used to calculate the conductivities σ P and σ H , using the Moses et al. (2000) neutral atmosphere. Our expressions for σ P and σ H are given in the Appendix. The resultant conductivity profiles for 70 • latitude are plotted in Fig. 3 and the distribution of the height-integrated conductivities with latitude in Fig. 4 . It is clear that the Pedersen conductivity is more important than the Hall for almost the entire vertical extent of our model, and is more important in a height-integrated sense throughout the polar regions. This indicates that the coupling between Hall conductivity and meridional winds described in Sect. 2 is unlikely to be important in this study, unless the meridional winds are much greater than the zonal winds. If we were to extend our model downwards into the mesosphere, though, it is possible that this situation would change.
The cut-off in both conductivity profiles at approximately 0.01 µbar corresponds to the homopause. Below this level hydrocarbon densities increase quickly with decreasing altitude. These hydrocarbons undergo rapid charge exchange with H + and H + 3 ; the resultant hydrocarbon ions then recombine relatively quickly. The result is a depletion in the ionospheric densities and conductivities at this level.
The values of P predicted in the polar regions lie in the range 0.1-0.5 mho. These values are an order of magnitude below the value of * P =1mho adopted by Cowley et al. (2004) . We will discuss this difference in Sect. 7; we do not think it helpful at this stage to "fudge" our ionosphere model to remove the discrepancy.
Coupled model
The coupled model consists of the thermosphere model driven by the values of Joule heating and ion drag implied by the magnetosphere and ionosphere models. These values are updated at each timestep. We find that the model reaches near dynamical equilibrium much more quickly than near thermal equilibrium. As shown by , the time for the latter is approximately 400 planetary rotations. We adopt this runtime for this study.
Initial model results
We now describe the output of the model detailed above. First we describe the basic thermospheric response that has been discussed already by Smith et al. (2007) . We then compare the rotational structures of the thermosphere and magnetosphere and suggest that we must modify the magnetosphere model if our results are to make sense. Figure 5 summarises the response of the polar thermosphere to forcing by the magnetospheric drag. The essential features of this response have been discussed by Smith et al. (2007) . The magnetospheric drag drives winds that are primarily westwards and polewards. The polewards flow is particularly important, in that it concentrates the energy injected from the magnetosphere into a "hotspot" at the pole and acts to cool mid-latitudes. Smith et al. (2007) showed that increasing the ionospheric conductivity only intensified this behaviour, and thus concluded that the energy injected by the magnetosphere could not be responsible for heating midlatitudes.
Thermospheric response
For this study we are particularly interested in the interaction between the neutral winds and the conductivity distribution. The figure clearly shows that most of the conductivity is concentrated below 1200 km across the whole of the polar thermosphere. Looking at the meridional winds, it is clear that below 1200 km they are almost universally polewards. These polewards meridional winds may be responsible for transporting angular momentum from mid-latitudes into the polar regions; we will return to this suggestion below.
Rotational structure
The output of our initial model run is summarised in Fig. 6a , which shows the rotational velocity of the magnetosphere M and the rotational velocity of the thermosphere T . We also show the anti-corotational torque on the thermosphere (Fig. 6b) , the true and effective height-integrated Pedersen conductivities (Fig. 6c) and K. Each plot also shows, with a dotted line, values implied by a constant value of K=0.4. Figure 6 clearly shows that our model predicts structures that are not present in the constant-K model. Looking first at the rotation velocities (Fig. 6a) we can see that the neutral rotation velocity predicted by the model is very different to that for a constant value of K. If K is a constant, shown with the dotted line, the neutral rotation velocities in each flow region are constant and follow the sharp gradients in the plasma velocity exactly, by definition. In contrast, the velocities predicted by the model are not constant across each flow region, but vary slowly and smoothly with latitude. At boundaries between plasma flow regions the neutral velocity does not change sharply with the plasma velocity, but again varies smoothly across the boundary. At first glance, we can characterise this behaviour as a latitudinal "smearing" of the constant-K curve.
The "smeared" form of the neutral rotation velocity profile produces two unexpected and interesting features. Firstly, the latitudinal profile of K is "wiggly", as shown in Fig. 6d . The variations in K are particularly pronounced around region B, where the plasma velocity varies most rapidly with latitude. The "average" value of K is ∼0.4, but it exhibits values throughout the range 0.2-0.6 in this region. Secondly, at 25 • co-latitude K becomes negative. This is because the neutrals super-rotate in this region, such that the "slippage" of the neutral atmosphere represented by K is negative. We now analyse these two unexpected features of the rotational flow in greater detail.
Latitudinal "smearing"
Before continuing we must eliminate the possibility that the latitudinal "smearing" of the neutral velocities relative to the plasma velocities is an artefact of the model rather than a real physical effect. There are two non-physical effects in the model that may generate latitudinal smoothing of the zonal winds. Firstly, the latitude grid step size provides a limit to the scale size of processes that can be accurately represented by the model. Attempting to force the model to produce gradients or shears with scale sizes smaller than the latitude grid step will produce a "smoothed" response. Secondly, the model incorporates a numerical smootherdesmoother algorithm to filter out numerical noise at the spatial frequency of the latitude grid step size (Fuller-Rowell et al., 1996 , and references therein). If there is a sharp gradient in the zonal winds that occurs on a spatial scale close to the grid step, the gradient will contain spatial frequencies close to the grid step size, and these will be removed by the smoothing algorithm, effectively smoothing out the gradient.
Both of these processes are, ultimately, consequences of an over-large grid step size. Since the transitions in the plasma velocity at the inner and outer edges of region B occur over a spatial scale of ∼1 • , and our standard grid resolution is 0.2 • , our resolution is close to the level at which it may fail to resolve the velocity shears correctly. To check that non-physical processes are not responsible for the latitudinal smearing, the model has therefore been run for a further 10 rotations, at a latitude grid step of 0.025 • , through the latitude range 70-80 • , using the previous, lower resolution run as a startup atmosphere and boundary condition. We find that 10 rotations is enough for this model to make the (very small) adjustment required for it to reach near steady-state.
The results of this run are shown in Fig. 7 . Figure 7a shows the quantities M (dashed line) and T (solid line). The value of T calculated with the standard model is shown with the dot-dash line. This figure shows that using the very high resolution model does not eliminate the latitudinal smearing effect. The T curve is slightly less smeared in the high-resolution case, exhibiting a slightly sharper peak at 13.5 • colatitude. We may ascribe this to a slight reduction in the importance of the non-physical smoothing effects. However, the profile is still substantially smeared, and it is clear that these non-physical effects are not the dominant contribution to the smearing effect.
In Fig. 7b we show the height-integrated balance of the various torques acting on the thermosphere in the highresolution run. We group the torques into ion drag (solid line), Coriolis and curvature (dotted line), advection (short dashed line) and viscosity (long dashed line). In addition to plotting these four groups of physically meaningful terms we also plot their residual, i.e. the imbalance of the torques calculated by the model (dot-dash line). This residual represents deviations from equilibrium caused either by the model not having run to steady state, or by the non-physical smoothing terms.
It is clear first of all that the residual is relatively insignificant, lying close to zero throughout the range shown. This immediately indicates, as suggested by Fig. 7a , that the smearing is a real physical process, not a modelling artefact; it also supports our assertion that the model is very nearly in steady state. Secondly, we can see that the viscosity term is also relatively insignificant, again lying close to the zero line.
The significant terms are therefore ion drag, Coriolis and advection. Before we describe the balance between these three components the reader is reminded that the prevailing wind at low altitudes, where most of the inertia and conductivity are located, is towards the pole (Fig. 5) . Thus advection tends to transport quantities from right to left in the figures. Starting from the right hand side (18 • colatitude) it is clear that Coriolis is the most important term balancing ion drag.
As the wind moves into region B (the shaded area) it encounters a reduced ion drag, due to the rise in the plasma velocity. This reduction in ion drag makes advection a more important sub-corotational term. This is because the gas arriving at the edge of region B is sub-corotating to a greater extent than the plasma to which it is about to become connected. As it moves into and across region B it accelerates gradually towards corotation, driven by the Coriolis force. This slow spin-up as the gas moves into and then through region B is the process that generates the smearing at this first boundary.
At the polewards boundary of region B the same process occurs, but in the opposite sense. Gas that has moved back towards corotation moving through region B suddenly encounters much more strongly sub-corotating plasma in the polar cap (region A). At this juncture advection acts to support the flow, as the inertia of the polewards flowing gas prevents the neutral velocity dropping as quickly as the plasma velocity. Thus the neutral velocity falls off slowly towards the pole, as the neutrals are gradually accelerated into subcorotation by the plasma. This smoothing of the neutral profile by the combined influence of advection and Coriolis leads to a profile that is not only smoothed but also slightly shifted towards the pole.
The difference between the neutral angular velocity profiles calculated with the low and high resolution models is consistent with this description of the origin of the smearing. If the smearing is caused by meridional advection, then a parcel of neutral gas should only respond to a shear in the plasma velocity when it reaches that shear. Thus at the A-B boundary, the velocity of the neutral gas moving towards the pole should not begin to drop before that of the plasma, since it has no mechanism with which to detect the change in the plasma velocity any earlier. The high resolution model does indeed exhibit this behaviour, whereas the neutral velocity in the low resolution model clearly begins to drop before the plasma velocity. This is presumably a result of the numerical smoothing, which, by acting diffusively, allows the gas to be affected by the change in the plasma velocity before it reaches the boundary.
Looking now at the viscosity curve, we can see that not only is it relatively insignificant -never contributing more than about 20% of the force balance at any latitude -but that it does not systematically oppose ion drag. In the range 13-15 • co-latitude the net effect of viscosity is to act in the same direction as ion drag. This is related to the small region of super-corotation at these co-latitudes close to the lower boundary of the model (Fig. 5, centre panel) . Thus, not only is viscosity less important than previously supposed, its influence on the structure of the thermosphere is also much more complicated.
The preceding analysis has two important consequences. Firstly, we have shown that the viscosity is almost entirely insignificant as a means of supplying angular momentum to the high-latitude thermosphere. The angular momentum extracted by ion drag is replaced by advection of angular momentum from lower latitudes. Thus the eddy viscosity model of Huang and Hill (1989) and Pontius (1995) is shown to be false in the circumstances represented by our model. It is, of course, possible that the eddy diffusion coefficient is significantly enhanced in the polar regions such that angular momentum transport due to eddy viscosity is comparable with that due to advection. However, there is no direct evidence for such an enhancement, nor is there any reason to invoke such an enhancement except as a post hoc defence of the eddy viscosity model. This new model for angular momentum transfer is sketched in Fig. 8 . The top panel represents the old eddy viscosity model in which angular momentum was supplied vertically at each latitude by the action of viscosity, independent of the behaviour of the atmosphere at adjacent latitudes. The lower panel shows our new model, in which angular momentum is transported into the thermosphere by upwelling at mid-latitudes and transported polewards by meridional winds. The flow then returns to the lower atmosphere through downwelling at the pole. Note that due to the effect of Coriolis in spinning up the gas as it flows towards the pole, this new model does not require any viscous transfer of angular momentum into the thermosphere, even at low latitudes.
The second consequence of the above analysis is that the latitudinal smearing of the neutral winds is a real physical effect. The significance of this becomes apparent on consideration of the torque exerted on the thermosphere by the magnetosphere, as shown in Fig. 6b . This must of course be equal to the anti-corotational torque exerted on the magnetosphere by the thermosphere. The troughs and peaks of K are replicated in the latitudinal profile of torque. In particular, the torque drops to small values close to the inner edges of region B (labels 2 and 3), and just outside the poleward edge, the torque is strongly peaked (label 1). These structures are not observed if K is constant, as shown by the dotted line.
These peaks and troughs are important because the model we have constructed is intended to be a simple representation of the mean, steady state configuration of the coupled thermosphere-magnetosphere system. If the thermosphere exerts the complex corotational torque shown in Fig. 6b upon the magnetosphere, an equally complex anti-corotational torque must be exerted on the magnetosphere by some other process or set of processes to ensure steady-state. This anticorotational torque must either be an inertial effect -i.e. a result of mass-loading or radial motions of plasma -or associated with solar-wind coupling.
To support the model of Cowley et al. (2004) thus requires us to postulate the existence of such a torque -of precisely the form shown -in order to maintain the regions of constant rotational velocity. It is possible in principle that such a torque might exist. Region B maps to the range ∼15-20 R S in the magnetosphere. The outer edge of this range corresponds to the orbit of Titan, which may be responsible for some mass loading of the magnetosphere. Region B is also by definition adjacent to the magnetopause, such that complex torques due to solar wind coupling may be present. However, while it is possible in principle for the correct torque to exist, it seems extremely unlikely that it does. The data on which the Cowley et al. (2004) model is based is rather scattered, and the inclusion of approximately constant regions of flow was made for reasons of simplicity. If there existed finely tuned torques in the magnetosphere that produced such regions of constant flow velocity, it would be an extraordinary coincidence.
The important insight is that the "wiggles" are not a real physical effect at all, but the result of inflexibly coupling the thermosphere and magnetosphere models. The torques exerted on the magnetosphere by the thermosphere are acting del. In this model angular momentum is transferred from the lower to the upper atmosphere by bulk flow of gas at mid-latitudes. This angular momentum is then transferred polewards by meridional ome angular momentum is extracted and transferred electromagnetically to the magnetosphere. The omentum depleted flow then returns to the lower atmosphere.
37 Fig. 8 . Models of angular momentum transfer to the upper atmosphere. Top: Eddy viscosity model. In this model angular momentum is transferred vertically from the lower to the upper atmosphere by the action of eddy viscosity. This angular momentum is then electromagnetically transferred to the magnetosphere. Bottom: New model. In this model angular momentum is transferred from the lower to the upper atmosphere by bulk upwards flow of gas at mid-latitudes. This angular momentum is then transferred polewards by meridional winds. Some angular momentum is extracted and transferred electromagnetically to the magnetosphere. The angular momentum depleted flow then returns to the lower atmosphere.
to remove the regions of constant flow, but this is prevented by the fixed nature of the plasma flow model. To improve the realism of our modelling we must modify the plasma flow model so that it is able to respond more elastically to the thermospheric structure. Our adopted modifications are described in Sect. 5.
Super-rotation
The second unexpected feature of the flow is the superrotation observed equatorwards of ∼25 • co-latitude. This super-rotation is directly linked to the polewards flow of gas shown in Fig. 5 . As shown above, this flow is subject to a Coriolis force that tends to spin it up towards corotation, but this force is counteracted by the large subcorotational ion drag in this region.
However, equatorwards of ∼25 • co-latitude this drag falls quite rapidly to zero. Thus the zonal wind speed also falls rapidly, and therefore the polewards meridional winds also fall. There is thus a positive divergence in the meridional winds at this co-latitude which leads to upwelling of gas; this upwelling gas cools adiabatically, generating the cool region at ∼25 • co-latitude visible in Fig. 5 . Equatorwards of this cool region there is now a polewards pressure gradient that drives polewards flow. This flow is also subject to a corotational Coriolis force, but in this region the ion drag is insignificant, and there is thus no force to prevent the gas being driven into super-rotation by the Coriolis force. When the flow reaches ∼25 • co-latitude the ion drag begins to become important and the gas begins to sub-corotate.
The existence of this super-rotating region highlights another problem with our fixed magnetosphere model. The model is designed such that in region D the plasma almost corotates with the neutrals. However, "corotation" is implicitly defined as the rotation velocity of the lower atmospherei.e. the rotation velocity of the lower boundary of our model. We find that corotation with the neutrals in this region actually corresponds to a small degree of super-rotation of the magnetosphere. Such super-rotation is observed in the data (Richardson, 1986; Sittler et al., 2006) . This effect is not currently incorporated in the magnetosphere model.
Modified magnetosphere model
In the preceding section we have identified two flaws with the fixed magnetosphere model described in Sect. 3. Firstly, the latitudinally smooth response of the neutral rotation velocity to the simple plasma velocity profile implies complex torques in the magnetosphere that do not satisfy simplicity considerations. Secondly, it requires that the inner magnetosphere corotate with the planetary angular velocity, not with the true angular velocity of the connected neutral atmosphere. This means that the model is unable to represent super-rotation of the inner magnetosphere driven by the neutral atmosphere. We are thus motivated to modify the plasma velocity model in such a way that the complicated behaviour of the neutral winds is taken into account.
Our modified model follows from two observations. Firstly, the torque required to maintain a rotation velocity maintain this rotation velocity is proportional to T − M . We can thus equate these two quantities, with some suitable constant of proportionality α:
We expect this quantity α to depend on the physical conditions in the magnetosphere and ionosphere that correspond to each shell of flux tubes. A large value of α means that a relatively small velocity difference T − M is required to enforce rotation at the velocity M : this might correspond, for example, either to a large ionospheric conductivity or to very low mass-loading of the magnetosphere. We may re-express this relation:
Thus, if α→∞, then M → T and the magnetosphere corotates with the thermosphere. If α→0, then M →0 and the magnetosphere acquires a negligible rotation velocity. It is convenient to write the ratio between the magnetospheric and thermospheric velocities as a parameter which we call χ:
This parameter is conceptually somewhat similar to K. The traditional description of the thermospheric behaviour using a constant value of K packages a variety of complex thermospheric processes into a single parameter which represents "slippage" from the thermosphere's natural state of perfect corotation. The new parameter χ likewise parameterises the complex behaviour of the magnetosphere, representing "slippage" of the magnetosphere from its natural state of almost zero corotation.
To improve the plasma flow model, we now make the assumption that this quantity χ is approximately constant across each of the flow regions defined by Cowley et al. (2004) . This is, of course, a simplification. However, given the lack of better physical models for the plasma flow, especially in region B, such a simplification seems justified and, we think, still represents an improvement over the fixed plasma flow model.
We then simply replace Eq. (14) with an equivalent model for χ :
where the functions T XY are unchanged. We may then determine M at any point by combining Eqs. (18) and (19). Henceforth we will refer to this modified model as the "χ -model" and our initial model as the " -model". It is clear that we also require values for the parameters χ A−D that define the actual flow velocities generated by the model. It is important that we continue to be guided by the empirical considerations that determine the flow velocities in the Cowley et al. (2004) model. Thus we define three "anchor points" F A−C in each of the flow regions A-C. We demand that the flow velocity at each of these points is identical to that in the original model. This is enough to specify the parameters χ A−C . We set F A =700 nTR 2 S and F B =1900 nTR 2 S such that the anchor points lie approximately in the "middle" of each region in terms of magnetic flux. We set F C =2400 nTR 2 S such that the minimum rotational velocity in this region lies at approximately the same latitude as in the original model. Finally we fix χ D =1 such that the inner magnetosphere perfectly corotates with respect to the thermosphere. We recalculate the flow velocities implied by this model after each timestep of the thermosphere model, such that the magnetospheric rotation is continually updated with reference to any changes in the thermospheric flow.
Modified model results

Thermospheric response
The thermospheric response of the modified model is shown in Fig. 9 . This is the model output shown in Fig. 1 of Smith et al. (2007) . The structures here are almost indistinguishable from those of Fig. 5 . Replacing the -model with the χ-model has increased the temperature of the polar hotspot by ∼10 K, a change of only ∼2.5% of the absolute value of ∼400 K. Thus the modification is shown to have only a small influence on the thermal structure, justifying the assertion of Smith et al. (2007) that the use of the modified model had an insignificant effect on their results. Figure 10 shows the resultant structure of both M and T in the same format as Fig. 6 ; the "anchor points" are shown by the diamonds in panel (a). It can be seen that the thermospheric response is very similar. The sharp gradients in the magnetosphere model have been smoothed in response to the thermospheric structure, but the basic shape of M remains similar to the previous fixed model. This curve is also plotted in Fig. 2 (dotted line) , to allow comparison with the data on which the original -model was based. It is clear that the predictions of the χ-model remain reasonably consistent with all of the available data.
Rotational structure
6.2.1 Latitudinal "smearing"
Our first motivation for introducing the χ-model was to remove the "wiggly" profile of the torque exerted on the magnetosphere by the thermosphere. This problem has been corrected, since Fig. 10b is now a smooth function everywhere, consistent with our desire to represent approximately uniform physical properties in each region of the magnetosphere.
Importantly, the interaction between the thermosphere and magnetosphere is now a two way process. The constant-K model implied that the rotational structure of the magnetosphere was essentially imprinted on the thermosphere, which was a passive participant in the interaction. Now, the rotational structure of the magnetosphere is still imprinted on the thermosphere, but this structure is modified by the thermospheric neutral winds -which tend to smear out the structure and shift it slightly polewards -and the resulting thermospheric structure then feeds back into the rotational structure of the magnetosphere.
This new perspective suggests that thermospheric dynamics may influence the magnetospheric structure in more complicated ways than we are able to represent with our simple, steady state model. To illustrate this, let us consider a hypothetical situation in which a discrete episode of enhanced mass-loading occurs in the middle magnetosphere (region C). Such an episode would immediately begin to reduce the rotation of the plasma in this region of the magnetosphere, and thus to reduce the rotation of the connected neutrals via ion drag. This reduction in rotation velocity will be communicated to regions of the neutral atmosphere at higher latitudes by the prevailing polewards wind. This would then also cause the rotation velocity of the neutrals -and thus the plasma -in regions A and B to be reduced.
Meridional wind speeds in the conducting layer predicted by our model are typically in the range 10-100 m/s. At these velocities, changes in rotational velocity induced by the magnetosphere may be transported between 360-3600 km during every 10-h planetary rotation. One degree of latitude corresponds to ∼1000 km. Thus changes in the rotational velocity of the inner magnetosphere may be communicated to thermospheric latitudes coupled to the outer magnetosphere within only a few planetary rotations. We thus suggest that the neutral atmosphere may mediate relatively short timescale interactions between regions of the magnetosphere that would otherwise be unconnected.
This role for the neutral atmosphere is not confined to the hypothetical discrete episode of mass loading outlined above. Our results imply that even if mass-loading of the magnetosphere is completely invariable, the neutral atmosphere has an important role to play in the radial transport of angular momentum, and its influence should be incorporated in any analysis of the magnetospheric angular momentum budget.
Super-rotation
The second motivation for our modified model was to allow us to represent super-rotation of the inner magnetosphere. As discussed in Sect. 3, super-rotation of the order of ∼5% is evident in the Voyager 2 data (Richardson, 1986) mapping to the range 20-25 • co-latitude, and a similar effect is present in the more recent Cassini data (Sittler et al., 2006) .
In Fig. 10d , the existence of super-rotation is indicated by the behaviour of K. Negative values of K at colatitudes greater than 25 • indicate that the neutral velocity is super-corotational, while the plasma velocity remains subcorotational; at ∼28 • co-latitude the vertical dashed line indicates that K has changed from being strongly negative to being strongly positive. This region of strongly positive K corresponds to a situation in which both the neutral and plasma velocities are super-corotational. Figure 11a shows a blowup of Fig. 10a in the region that exhibits super-rotation. It is clear that the degree of super-corotation is very small, of the order of less than 1% -much less than that observed by Voyager 2 -and that it lies at a greater co-latitude than the super-corotation seen in the data. However, the qualitative reproduction of this behaviour suggests that this flow signature may indeed be a result of the dynamics of the neutral atmosphere. We show in Sect. 7 below that larger quantitative effects can be produced in the model if the conductivity is increased.
Sensitivity study
Since the results presented above are not significantly altered by the introduction of the χ -model it is not clear that it represents an essential modification rather than a somewhat cosmetic change. However, the model runs presented so far represent relatively mild conditions in terms of the magnitude of the ionospheric conductivity. As discussed by Smith et al. (2007) , our conductivity model is most likely an underestimate of the real conductivity of the ionosphere. Smith et al. (2007) thus performed a sensitivity study in which they scaled up the conductivity model by a factor of 16. In Figs. 12 and 13 we show results for this increased conductivity model using the -model and χ -model, respectively. The plasma velocity curve for the χ -model is also shown in Fig. 2 by the dot-dashed line, demonstrating again that the results of the χ-model are reasonably consistent with the data.
Rotational structure
Looking first at Fig. 12 -showing results from the unmodified, fixed -model -we can see similarly peculiar behaviour to that shown in Fig. 6 . The most interesting aspect of this behaviour occurs just inside the equatorward edge of region B.
Here the plasma velocity is slightly greater than the neutral velocity. This arises because the polewards flowing neutral gas is unable to spin up sufficiently quickly at the B-C boundary to keep up with the corresponding rise in the plasma velocity.
The consequence of this flow signature is that K takes a value greater than unity, and both the torque and the effective conductivity become negative. Physically, this means that the magnetosphere is exerting a corotational torque on the thermosphere: a situation that does not make sense. The magnetosphere only rotates because it is driven into rotation by the thermosphere, so it is not physically reasonable for the magnetosphere to do the opposite and force the thermosphere towards corotation. This is of course a simplification -there may be circumstances in which radial flows in the magnetosphere force plasma to rotate more quickly than the connected neutral atmosphere -but in this case it is clearly an anomaly resulting from the fixed nature of the magnetosphere model, since we do not represent radial flows in our model.
Comparing these profiles to those in Fig. 13 -showing results from the χ-model -it is clear that the χ-model is again a significant improvement. The "wiggly" structures in the torque, effective conductivity, and K disappear, and are replaced by reasonably simple and smooth variations. In particular, we no longer have a situation in which the torque is negative and the magnetosphere is driving the thermosphere towards corotation.
Note that the χ-model does not rule out the possibility of the magnetosphere rotating more quickly than the thermosphere. Since the value of χ for each region of the model is determined only by the requirement that a particular flow velocity is reproduced at each anchor point, it is perfectly possible for a value of χ>1 to be required, corresponding to M > T . However, if this were to occur it could easily be identified as a pathological case and interpreted appropriately.
The flows predicted in region B of the χ-model are also interesting. The plasma here subcorotates only marginally, such that the torque falls almost to zero. There is thus very little ion drag acting on the neutrals, and moving towards the pole the dominant effect is the Coriolis-driven spin-up of the neutrals. The flow velocities of both the plasma and the neutrals thus increases steadily across this region. This produces a very clear flow structure in the magnetosphereflow velocity increasing monotonically with increasing distance from the planet -that is driven by the behaviour of the neutrals. If there is, as suggested by Cowley et al. (2004) , a region such as region B in the outer magnetosphere in which the torques acting between the thermosphere and magnetosphere are significantly reduced, we might expect to observe this flow structure -although we would certainly not expect it to be as clear cut as our model predicts.
Finally, the increase in the conductivity increases the degree of super-corotation observed in regions mapping to the middle magnetosphere. As shown in Fig. 11b , the degree of super-corotation exhibited by both the neutrals and the plasma increases to almost 2%. This indicates that supercorotation comparable to that observed (5%) is plausible within our model. Further work is required, though, to show whether it is possible to reproduce the observed degree of super-corotation at the correct latitude. In the long term, it may even be possible to use this flow signature as an observational constraint on the output of thermosphere models.
Thermal structure
For the higher conductivity model we also find a significant difference in the thermal structure of the thermosphere between the -and χ -models. For the unscaled models the effect of the χ-model was small -reducing the maxiumum temperature in the polar hotspot by ∼10 K, about ∼2.5% of its absolute value of ∼400 K. In the case of the higher conductivities the χ -model reduces the maximum temperature in the polar hotspot by ∼60 K, which corresponds to a ∼10% reduction of the absolute value of ∼550 K. This reduction in temperature apparently arises because using the -model implies large plasma-neutral velocity differences close to the boundaries of flow regions -for example at the A-B boundary -which correspond to large quantities of Joule heating. This extra heating becomes incorporated in the polar hotspot. Thus using a fixed model can lead us to overestimate energy inputs to the thermosphere.
Discussion
As mentioned in Sect. 3, our initial, unscaled conductivity model exhibits true conductivities P of order 0.1 mho, much lower than the effective conductivity * P =1mho adopted by Cowley et al. (2004) for use with their plasma flow model. Our scaled conductivity model exhibits a true conductivity of ∼1 mho at the pole, increasing gradually to ∼7-8 mho at 30 • co-latitude. However, looking at the effective conductivity that the model predicts (Fig. 13c) , we can see that this is much lower than the true values, such that we only begin to reach values as high as 1 mho at colatitudes greater than 20 • . This large discrepancy between the effective and true conductivities suggests that if the effective conductivity is to be of the order of 1 mho, then the true conductivity must be much larger than this. A proper assessment of how much larger the conductivity must be -and whether the ionospheric plasma densities required to generate this conductivity are consistent with the available datais beyond the scope of this study.
Our results do clearly indicate, though, that a single value of the effective conductivity is an inadequate parameterisation of the upper atmosphere. In Fig. 13c the effective conductivity at co-latitudes less than 25 • exhibits values ranging from less than 0.1 mho to greater than 10 mho. At colatitudes greater than 25 • it then becomes strongly negative due to the super-rotation of the plasma and neutrals. This means that blind application of a constant value of * P across the polar regions -especially when studying regions in which the plasma flow velocity varies rapidly -is likely to produce unreliable results.
It may be possible to employ the effective conductivity when only studying limited regions of the magnetosphere, since within regions of slowly varying plasma flow the effective conductivity also varies reasonably slowly. However, even in these cases the use of * P would still not be strictly valid, because its physical meaning really depends on the validity of the eddy viscosity model. This is because completely replacing P with * P implies that the neutrals respond equivalently to all structures in the plasma flow, according to the linear behaviour predicted by the eddy viscosity model. Our results show that the response of the neutrals to a flow structure is dependent not only on that nature of that structure itself, but also on structures lying "upstream" from the perspective of the neutrals. Thus we think that the whole notion of an "effective conductivity" as a physically meaningful parameter is invalid.
It might still be argued that under circumstances not represented by our model the supply of angular momentum by eddy viscosity could become the dominant process. This might arise in two circumstances: firstly if there was no polewards flow to supply angular momentum, forcing it to be supplied by viscosity instead; secondly if the eddy coefficient is enhanced in the polar regions, increasing the rate of supply by that mechanism. We do not think that either of these is likely to be the case. As discussed by Smith et al. (2007) , the polewards flow of gas that supplies angular momentum to the polar regions can be interpreted as driven by the atmosphere "collapsing" towards the pole to restore the hydrostatic equilbrium that has been perturbed by ion drag. The compressional heating due to the convergent flow at the pole partially restores this equilibrium by supporting an increased curvature of the upper atmosphere at the pole. The only way to "switch off" the polewards flow would thus be to supply extra thermal energy to the polar regions, such that the polewards flow of gas became unnecessary. However, if there were too much thermal energy supplied to the polar regions, the situation would be reversed, and the meridional flow would be towards the equator instead. Thus to switch off the meridional flow would require a very precise input of thermal energy that implied zero meridional flow. Unless there is some mechanism that might regulate such a situation, this seems extremely unlikely.
The second possibility -that the eddy coefficient is enhanced in the polar regions -is more difficult to assess. Firstly, we should comment that there is now no reason to invoke such an enhancement, since our new mechanism is apparently more than capable of supplying sufficient angular momentum to support partial corotation of the magnetosphere. However, supposing there was such an enhancement, its consequences would be complex. Firstly, it would raise the altitude of the homopause, such that hydrocarbons capable of chemically depleting the ionosphere would be mixed to higher altitudes. This would reduce ionospheric densities and conductivities, restricting the conducting layer to higher altitude regions where the neutral densities are lower. Secondly, it would also increase eddy conductive cooling of the polar regions. This might have the opposite effect to that intended -as discussed above, compressional heating of the polewards flow supplies thermal energy to the polar hotspot, so if conductive cooling of this region is increased the polewards flow might also increase in order to correspondingly increase the compressional heating and restore equilibrium. In summary, the consequences of an enhanced eddy coefficient are more complicated than a simple increase in the eddy viscosity, and a full assessment is beyond the scope of this study. However, even if angular momentum was supplied largely by eddy viscosity, it seems likely that meridional winds would still "smear" the neutral winds, producing many of the effects that we have noted.
If we are to discard the eddy viscosity model and the notion of an effective conductivity, how are we to simply parameterise the effects of the neutral atmosphere on the magnetosphere? It is clear that globally there is no simple parameterisation. However, for small latitude ranges within the thermosphere our model predicts that both the conductivity and the neutral rotation velocity are well-behaved and slowly varying. It thus may be valid to approximate the behaviour of small latitude ranges by a constant (or slowly varying) conductivity and a constant (or slowly varying) neutral rotation velocity. This means that there are two free parameters -P and T -rather than the single free parameter * P . Such a two-parameter model is clearly less convenient than the oneparameter effective conductivity model, but our study indicates that the former is more likely to be a realistic representation of the thermospheric behaviour.
While such a parameterisation may be valid for small latitude ranges, the behaviour close to large shears in the plasma flow velocity is much more complicated. It is obviously not practical for all studies of magnetospheric dynamics to use numerical thermosphere models such as that described here. It may thus be useful to build analytic or semi-analytic models of the neutral flow close to such boundaries to assess the behaviour of the neutrals without the computational restrictions of a full numerical model.
Conclusions
In this study we have used a numerical model of Saturn's thermosphere to study the coupling between the rotational dynamics of the thermosphere and magnetosphere. Our main conclusions are as follows:
1. Meridional advection is the principal mechanism by which angular momentum is supplied to the polar thermosphere. The conventional eddy viscosity model of Huang and Hill (1989) is thus invalid: we have shown their assumption that transport of angular momentum by meridional winds is negligible to be false. This conclusion is unambiguously the case for the upper atmosphere of Saturn under the conditions represented by our model: however, we have also argued that it seems very unlikely that conditions might exist in which transport by eddy viscosity dominates over transport by meridional advection.
2. As a result of this, we propose that the "effective Pedersen conductivity" is most likely a poor parameterisation of the upper atmospheric behaviour. Instead, we suggest that a two-parameter model using the effective neutral rotation velocity T and the true Pedersen conductivity P may be a more accurate representation of the true thermospheric behaviour.
3. Advection of angular momentum by meridional winds tends to produce meridionally smoothed rotational structures in the thermosphere which feed back on the structure of the magnetosphere. This process may couple the rotational structures of the inner and outer magnetospheres on timescales of a few planetary rotations or less.
4. Super-rotation of plasma in the inner magnetosphere may arise due to super-rotation of the connected neutral atmosphere. This super-rotation is ultimately driven by the sub-corotation of the middle and outer magnetospheres.
There are a number of simple extensions to this study that will help to generalise our conclusions. Most important of these is the exploration of a number of different models of the ionospheric conductivity and investigating self-consistently the effect of an enhanced eddy coefficient. The study might also usefully be extended to Jupiter. More complicated extensions to the model would also be useful. For example, we have not made any attempt to compare the torques that our model calculates with the actual torques exerted by the magnetosphere. Thus we cannot, with our present model, truly assess whether the flow supplies sufficient angular momentum to support the flows in the magnetosphere. To do this we would require a physical model of the magnetospheric rotation, rather than the empirical model that we have employed here.
Appendix A
Details of plasma flow model
The functions T XY used to define the plasma velocity model are defined as follows: 
